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A Family of Tetrazole Compounds Formed Through in situ [2+3] Tetrazole Ligand
Synthesis, Structures and Fluorescent Properties
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Abstract: Hydrothermal reaction of 4-cyanopyrine (or 3-cyanopridine) and NaNj; in the presence of Lewis acid
lanthanide nitrate (Ln=Nd, Er, Yb) offers a serial of interesting ionic compounds Ln(H,0)s-3(p-TPD)-2(p-HTPD)-
7TH,0), (Ln=Nd(1), Eu(2), Yb(3)) p-TPD=4-tetrazoylpyridine, p-HTPD=protonated 4-tetrazoylpyridine) and Ln(H,0)s-
3(m-TPD)-6H,0 (m-TPD=3-tetrazoylpyridine, Ln=Yb(4)). Single-crystal X-ray structure determination shows that
all the compounds 1~3 exhibit ionic layer structure in which the vertical spread p-TPD groups and the central
metal cation [Ln(H)0)]** constructed the cationic layer (A layer) through the hydrogen bonds among the p-TPD
groups and coordinated water molecules and the co-crystallized water molecules, part of the p-TPD and p-HTPD
groups arrange along the zonal orientation formed the anionic layer (B layer) via -7 stacking and hydrogen
bonds. Compound 4 shows the similar ionic layer structure as compounds 1~3. The solid-state fluorescence
spectra of crystalline samples for 1~3, and 4 indicate their maximal emission peaks occur in 405, 400 and 494
nm respectively, while compound 2 emits near-infrared luminescence with maximal emission peaks 618, 592 and
462 nm at room temperature. Thermo-gravimetric analysis (TGA) data shows all the compounds have a weightloss

around 70~120 °C and start decomposition around 180~220 °C.
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0 Introduction

Since pioneering work done by Sharpless et al.l"
there have been tremendous research interests focused
on the exploration of in situ tetrazole organic ligand
synthesis through [2+3] cycloaddition reactions between
organic cyano compounds and NaNj in the presence of

t*%. Actually tetrazole

Zn* ion as Lewis acid catalys
organic ligand is prepared through the decomposition
of Zn-complex (intermediate) under acidic conditions.
As a result, there is much research focusing on the
crystallographic characterization of such intermediates
containing metal ion  (most of them are metal-
coordination polymers) and exploration of their
applications in nonlinear optical, fluorescent (or
phosphorescent),  ferroelectric,  and  dielectric
properties®®. Through the systematic investigations on
[2+3]
cycloaddition reaction can occur between organic

(NaN3) in

the presence of transition metal ions as Lewis acid. So

the intermediates, it is well realized that the
cyano groups and inorganic sodium azide

far, many transition metal ions such as Zn?#*%, Cd**,
Mn?10 Cu?®- 1 Agt2 Co? 1081 PA*™ acting as Lewis
acid have been reported; however, there is few report

) a5 Lewis acid to mimic Shaprlesss

about single Ln
tetrazole synthesis reaction. To the best of our
knowledge, only Li Liang et al reported a series of

(3D) Ln(D-Cu(I) heterom-

etallic tetrazole-based coordination frameworks by

novel three-dimensional

using Ln* as catalyst!".

As a continuation of systematic investigations
about the trapping, crystallographic characterization,
and applications of these intermediates by using Ln* as
Lewis acid catalyst, we adopt another reaction condition
by combination of hydrothermal reaction and
programmed cooling methods. As shown in scheme 1,
when we selected 4-cyanopridine or 3-cyanopridine as
reaction substrate, used Ln’* to replace the transition
metal ions, adopted a programmed cooling method after
the [2 +3] cycloaddi-tion reactions (hydrothermal
reaction), we successfully obtained the crystalline
samples of the reaction product. To our surprise, totally

different from other tetrazole complexes "%, all the

compounds (1, 2, 3, 4) we got exhibit the interesting
ionic layer structures, in which all the central metal
cations [Ln(H,0)s]** can be viewed as “A” layers, and
part of the p-HTPD and p (or m)-TPD anions can be

“B” layers. The “A” and
cross-linked each other by hydrogen bonds. Herein, we

viewed as “B” layers are
reported the synthesis, crystal structure, fluorescent
properties and thermo-gravimetric curves of these title

intermediates.

1 Experimental

1.1 Materials and methods

All  reagents and solvents employed were
commercially available and used without further
purification. The C, H and N microanalyses were
carried out with a Vario EL elemental analyzer. The
IR spectra were recorded with a Nicolet Avatar 360
FTIR spectrometer using the KBr pellet technique.
Thermogravimetric curves were measured on a Perkin-
Elmer TGA-7 (USA) at a heating rate of 10 “C-min™
from room temperature to 800 °C under air.
1.2 Synthesis of compounds 1~4

As shown in scheme 1, compounds 1 ~3 were
prepared under hydrothermal reaction condition. A
heavy walled Pyrex tube containing a mixture of 4-
cyanopyrine (Nd(NO3);-6H,0(0.066 g, 0.2 mmol) or Eu
(NO3); -6H,0  (0.068 g, 0.2 mmol) or Yb(NO;); -6H,0
(0.072 g, 0.2 mmol) and water (2.5 mlL) was frozen and
sealed under vacuum, then placed them inside an oven
at 150 °C for 3 d and then cooled to room temperature at
a rate of 5 °C+h™ . The purple block crystals for 1, pale
yellow crystals for 2, and colorless block crystals for 3
were obtained by filtration. The same procedures were
conducted for 4 by using 3-cyanopyridine (0.0208 g, 0.2
mmol) replaced 4-cyanopyridine. The pale green
crystals for 4 were afforded by filtration. For 1,
CioHsN5s04sNd (1 147.21) Yield:23.2%. Caled. (%): C,
31.38, H, 4.53; N, 30.51; Found (%): C, 31.21; H, 4.47;
N, 30.56. For 2, C;HuN»sOsEu (1 154.93) Yield:
27.2%. Caled. (%): C, 31.17; H, 4.50; N, 30.30; Found
(%): C, 31.15; H, 4.46; N, 31.12, For 3, C3H5N»05Yb
(1 176.01) Yield:26.5%. Caled. (%): C, 30.61; H, 4.42;
N, 29.76; Found (%): C, 30.65; H, 4.42; N, 29.77. For
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= 150 C
’ @_CN+ NaN3 + Ln(NO3)3 hydrothermal
@ synthesis
— 150 'C
SN/, CN+NaNj + Ln(NOy); hydrothermal
N="(®) synthesis

Scheme 1

4, CisHErN 5044 (863.69) Yield:23.2%. Caled. (%): C,
25.01; H, 4.63; N, 24.31; Found (%): C, 24.98; H, 4.66;
N, 24.32.
1.3 Single crystal structure determination

Single crystal of compounds 1~4 were selected on
a Bruker Smart Apex CCD diffractometer with graphite-
monochromated Mo Ko radiation (A=0.071 073 nm) at
293 K using the ¢-w scan technique. Absorption
corrections were applied using SADABS !, The

structures were solved by direct methods using the

= NN =N
»Ln(H;0)g°3 (@_QNJIQ : H@_(\N"N)

— N"ﬁ
>Ln(H20)8'3(<\\Ii/>_(‘NzN)

(a) Preparation of compounds 1~3, Ln=Nd (1), Eu(2), Yb(3); (b) Preparation of compounds 4, Ln=Yb

program SHELXS-97 and all the non-hydrogen atoms
were refined anisotropically on F* by the full-matrix

SHELXL.-97
crystallographic software package!”. All the hydrogen

least-squares  technique using the
atoms were positioned geometrically and refined using a
riding mode. Detailed information about the crystal data
and structure determination for title complexes are
summarized in Table 1. Their selected intra atomic
distances and bond angles are given in Table S I .

Hydrogen bonds summarized in Table S1I .

Table 1 Crystal data and structure refinement for 1~4

Complex 1 2 3 4

Empirical formula C3Hs5:NdNsO s CH5EuN,50,5 C3Hs5,YDNsOs CisHioYbN 5044
Formula weight 1147.21 1 154.93 1 176.01 863.69
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1 Pl PL P1

a/ nm 0.962 35(4) 0.959 85(3) 0.956 670(10) 0.985 120(10)
b/ nm 1.452 95(5) 1.449 45(4) 1.444 84(2) 1.217 900(10)
¢/ nm 1.929 82(6) 1.925 38(5) 1.922 04(3) 1.528 57(2)
al(°) 90 90 90 90

B/ 76.529(2) 76.412 0(10) 76.357 0(10) 73.247 0(10)
v/ (°) 90 90 90 90

V / nm? 2.458 10(15) 2.436 35(12) 2.411 41(6) 1.653 83(3)
D,/ (g-em™) 1.55 1.574 1.62 1.655

A 2 2 2 2

©/ mm™ 1.144 1.375 2.028 2.909
Datal/restraints/parameters 10 971/0/644 10 904/0/644 10 967/0/644 6 334/18/436
F(000) 1168 1182 1 190 836

GOF 1.043 1.046 1.145 1.063

Final R* indices (I>20(1))
R indices (all data)
Reflections collected

Reflections unique (R;,)

Refinement method

(Ap)unse (Ap)uin / (&1im”)

R=0.026 7, wR,=0.062 7
R=0.031 0, wR,=0.065 1
13 279

8 162 (0.015 5)
Full-matrix least-
squares on F

369, -492

R=0.027 3, wR»=0.061 0
R=0.032 3, wR,=0.062 8
16 968

8 385 (0.029 0)
Full-matrix least-

squares on F?

572, -800

R=0.033 8, wR»=0.060
R=0.041 7, wR»=0.068 9
21 367

8 521(0.023 6)
Full-matrix least-

squares on 2

722, -1178

R=0.032 0, wR,=0.075 9
R=0.038 2, wR,=0.078 7
9 869

54 039(0.018 1)
Full-matrix least-

squares on F2

754, =721

Ri=SNEI-IFN S F); wR =] Sao(F2— F2Y S w(FH"
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CCDC: 911648.,1; 942039,2; 941826,3; 941829 4.
2 Result and discussion

2.1 Synthesis and crystal structures of compounds
1~4
The in situ reactions between 4-cyanopyridine (or
3-cyanopyridine), NaN; and Ln (NOs); offer eight
crystalline compounds, [Ln (H,0)s -3 (p-TPD) -2 (p-
HTPD)-7H,0)], (Ln=Nd(1), Eu(2), Yb(3) and Ln(H,0);*
3(m-TPD) -6H,0 (Ln=Yhb(4)) ,

spectra further confirm the absence of a peak at about

respectively. Their IR
2 200 cm 7', suggesting that the cyano group has

turned into the tetrazole group with several typical

tetrazolyl group peaks at about 1 455, 1 456, and

¥

1 345 cm™ respectively®?.

As shown in table 1, X-ray analysis reveals that
compounds 1~3 are isomorphic and crystallizing in
the same monoclinic group P1 and exhibiting the unique
frameworks so only the structure of 1 is described in
detail here. The asymmetric unit of compound 1
contains one unique La™ ion, eight coordinated water
molecules, three 4-tetrazoylpyridine ligands (p-TPD),
ligands (p-

HTPD) and seven co-crystallized water molecules. The

double protonated  4-tetrazoylpyridine
central metal La™ ion is eight-coordinated and has
distorted quadrangular prism coordination geometry
composed by eight coordinated water molecules.
Obviously, two pyridyl groups of different p-HTPD
ligands in the compound are protonated to balance the

electric charge (Scheme la and Fig.1).

s

*;g &

Displacement ellipsoids are drawn at 50% probability level

Fig.1 Polyhedral representation of 1 shows the local coordination geometry around the Ln

distorted quadrangular prism

Totally different from compounds 1~3, compound
4 has other kinds of structure, although both of them
also crystallized in the P1 monoclinic group. As shown
in Fig.2, the asymmetric unit of compound 4 contains
one unique Ln™ ion, eight coordinated water
molecules, three 3-tetrazoylpyridine ligands (p-TPD),
and six co-crystallized water molecules. Remarkably,
on one hand, there are no protonated m-HTPD ligands
in the compounds 4, on other hand; the number of co-
crystallized water molecules is less than that of
1~3 (scheme 1b and Fig.2). The reason

why there are so great differences between them is not

compounds

clear.

"center has a slight

There are two kinds of layer constituted the
compound 1 (Fig.3). Layer “A” is a cationic layer
consisted of part p-TPD groups and all the central
metal cations [Ln(H,0)sP’* connected by different
Layer “B”

constructed by part p-TPD groups and p-HTPD groups

hydrogen bonds. is an anionic layer
through hydrogen bonds and -7 stacking. As shown
in Figda, for layer “A”:
[]_41’1(1‘12())3]3)r

forming a cationic 1-D chain along b-axis by strong

the p-TPD groups and
building firstly arranged alternately

inter-molecular hydrogen bonds between the [Lin(H,0)s**
building and the tetrazoyl groups (O(2)—-H(2A)---
N(20)#3 0.282 9(7) nm), and the 1D cationic chain
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Fig.2  Polyhedral representation of 4 shows the local coordination geometry around the Ln " center has a slight

distorted quadrangular prism

ﬂi?
%

Fig.3  lonic layers structure of compound 1

The dotted line indicates hydrogen bonds

Fig.4 (a) A view of the cationic chains structure connected by hydrogen bonds between coordinated water molecules and
tetrazoyl groups along ¢ axis; (b) a view of the cationic layer structure formed by connecting the cationic chains

via hydrogen bonds along ¢ axis

then connected to a 2D cationic layer structure via the N(16)#10 0.293 9(9) nm), as well as between the coor-

hydrogen bonds between the co-crystallized water dinated water and co-crystallized water molecules

molecules and pyridyl groups (O (6W)-H (6WB)--- (O(5)-H(5B)---O(1W)#5 0.262 9(6) nm) (Fig.4b). For
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bonds
between protonated pyridyl groups and pyridyl groups
(N(6)-H(6)---N(21)#1 0.266 5(7) nm; N(1)-H(1)---N(11)
#2 0.270 5(7) nm) and the vertical offset face to face
- stocking effect link the p-HTPD and p-TPD

anions in the formation of the anionic layer structure

intermolecular  hydrogen

layer  B:another

(Fig.5). Take the - stocking effect between plane
cg9 and cgl0 for example (cg indicate plane number),
atoms N22, N23, N24, N25 and C30 constituted plane

170!?0,0‘000 Mo
S

4

S
MWWW
"W Uﬂ’%ﬁ

cg9, N21,C25 ,C26 ,C27 ,C28 and C29 constituted
plane cgl0. The distance between the two centroids is
0.368 nm, dihedral angle 4.01°(Fig.5 (b)). The 7-7
stacking interactions and hydrogen bonds among the
coordinated water, co-crystallized water, p-TPD and p-
HTPD groups and offset face to face stocking effect
are speculated to assembly the molecules into a three

dimensional structure (Table S 1 and Fig.6).

o-¢

!
' 03730
@& @
l"' !
' N 02728
10368 1
003728003728 ' o
. ’ cgl
H 0 cg9

) J03730

>0

Dashed lines indicate hydrogen bonds and 7-7 stacking effect

Fig.5 (a) 3D supermolecular structure of compound 1 connected by hydrogen bonds and -7 stacking; (b) an example of the

-7 stacking between pyridyl and 4-tetrazoyl groups and intermolecular protonated pyridyl groups to pyridyl

groups hydrogen bonds of the anionic layer

2\
N

3

%”%

>‘:\<

=

1

/

5

Fig.6  Supermolecular structure of compound 4 viewed from ¢ axis

2.2 Thermo-gravimetric analysis of 1~4

As shown in Fig.7, upon careful examination on
the thermo-gravimetric curves of compounds 1~4, we
found all the thermo-gravimetric curves of compounds
have almost the similar graphic: such as for 1, the
first clean weight loss “step” just happened from 70
to 120 C(ca. 11.90%) and the second weight loss

occurred from 180 to 230 °C. This can be attributed to

the removal of co-crystallized water molecules from
the compounds 1 (Caled. for compound 1, 11.03%),
and the second one in 180 ~230 C is due to the
decomposed of the whole structure according to the
TGA data. Similar to that of compounds 1~3, there are
two clean weight loss  “step” in the thermo gravimetric
curves of 4, the first weight loss “step” just happened

from 70 to 120 C(ca. 14.5%) and the second weight
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Fig.7 Thermo gravimetric analysis(TGA) of 1~4

loss occurred from 180 to 230 °C, The first weight loss
“step” are also attributed to the removal of co-
crystallized water molecules from the compounds 4
(Caled. 12.6% ). Beyond the 230 °C, the compounds
decomposed.
2.3 Fluorescence property

As shown in Fig.8, the solid-state f{luorescence
(a Perkin-Elmer LS50B) that were used for

measurement of crystalline samples for 1 and 3 at room

spectra

temperature indicate the maximal emission peaks occur
(with A.,=309 nm),
suggesting compound 1 and 3 may be good blue light

in 405 and 400 nm respectively

emitting material. The photo-luminescent mechanism is
tentatively attributed to ligand-to-ligand (7 —7¥)
transitions that are in reasonable agreement with
literature examples on this class of metal complex
previously reported in our group and by others ), A
little difference of the wavelength between 1 and 3 are

caused by the different central Ln metals with different

4004
300

200 A

Intensity / a.u.

100 A

0 T T T T |
350 400 450 500 550 600
Wavelength / nm
Fig.8 Solid state photo-luminescent spectrum of

compound 1 and 3 at room temperature

supermolecular interaction. The same to compounds 1
and 3, the solid-state fluorescence spectra for 4 (Fig.9)
al room temperature show the maximal emission peaks

(with A, =375 nm),
suggesting compound 4 may be good green light

occur in 494 nm respectively

emitting material. The large differences of maximal

emission peaks between 4 and 1 can be attributes to

3504 494 nm
300 -

250

[
(=3
(=1
n

150

Intesnity / a.u.

100

50

0 T T T T T ]
350 400 450 500 550 600 650

Wavelength / nm

Fig.9 Solid state photo-luminescent spectrum of
compound 4 at room temperature
their different reaction substrate.

Totally different from compound 1, 3 and 4, as
shown in Fig.10, when excited at 394 nm, compound
2 emit a serial of emission peaks at 618, 592 and 462
nm respectively in near-infrared luminescent field at
(Fig.10).
complexes [KEu (suc)ys(0x),5(H0)] -H,O et al™, we

can conclude the emission peaks of 592 and 618 nm

Compared by the

room temperature

is tentatively assigned to the D—F transition 592 nm
(Ds"F), 618 nm (°Dy-"F,) in europium atoms . In
addition, another intense emission is 462 nm for 2,

which implies green emission light can be attributed

300 _A62nm

250

200

150
592 nm
4

Intensity / a.u.

100
501 618 nm
.

04

450 500 550 600 650 700
Wavelength / nm
Fig.10  Solid state photo-luminescent spectrum of

compound 2 at room temperature
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to the 7—7* or n—* transition of tetrazoly and

pyridyl groups of the ligands.

Supporting information is available at http://www.wjhxxb.cn
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